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TREATMENT OF VASCULAR OCCLUSIONS
USING ULTRASONIC ENERGY AND
MICROBUBBLES

STATEMENT REGARDING FEDERALLY D
SPONSORED R&D

The invention was made with government support under

Grant No. R21 NS053418-01A1 awarded by the National
Institutes of Health. The government has certain rights to the
invention.

10

CROSS-REFERENCE TO RELATED
APPLICATIONS

15

This application claims the priority benefit of U.S. Provi-
sional Application No. 61/310,547, filed Feb. 17, 2010.

FIELD OF THE INVENTION

20

The present invention relates generally to treatment of
vascular occlusions, and more specifically to treatment of
vascular occlusions with ultrasonic energy and a therapeutic

compound combined with microbubbles.
25

BACKGROUND OF THE INVENTION

Several medical applications use ultrasonic energy. For
example, U.S. Pat. Nos. 4,821,740, 4,953,565 and 5,007,438
disclose the use of ultrasonic energy to enhance the effect of 30
various therapeutic compounds. An ultrasonic catheter can be
used to deliver ultrasonic energy and a therapeutic compound
to a treatment site within a patient’s body. Such an ultrasonic
catheter typically includes an ultrasound assembly config-
ured to generate ultrasonic energy and a fluid delivery lumen 35
tor delivering the therapeutic compound to the treatment site.

As taught in U.S. Pat. No. 6,001,069, ultrasonic catheters
can be used to treat human blood vessels that have become
partially or completely occluded by plaque, thrombi1, emboli
or other substances that reduce the blood carrying capacity of 40
the vessel. To remove or reduce the occlusion, the ultrasonic
catheter 1s used to deliver solutions containing therapeutic
compounds directly to the occlusion site. Ultrasonic energy
generated by the ultrasound assembly enhances the effect of
the therapeutic compounds. Such a device can be used 1n the
treatment of diseases such as peripheral arterial occlusion,
deep vein thrombosis or acute 1schemic stroke. In such appli-
cations, the ultrasonic energy enhances treatment of the
occlusion with therapeutic compounds such as urokinase,
tissue plasminogen activator (“tPA”), recombinant tissue
plasminogen activator (“rtPA”) and the like. Further informa-
tion on enhancing the effect of a therapeutic compound using
ultrasonic energy 1s provided mn U.S. Pat. Nos. 5,318,014,
5,362,309, 5,474,531, 5,628,728, 6,001,069, 6,210,356 and
7,341,569.

45

50

55

SUMMARY OF THE INVENTION

Certain therapeutic compounds contain a plurality of
microbubbles having, for example, a gas formed therein or 60
can be combined with microbubbles prior to the treatment
iitiation. The efficacy of a therapeutic compound can be
enhanced by the presence of the microbubbles contained
therein 1n presence of ultrasound energy. The microbubbles
act as a nucleus for cavitation, which can accelerate the dis-
solution and removal of a vascular occlusion. In relatively low
acoustic rarefaction pressure amplitude a bubble could expe-

65

2

rience prolonged linear or nonlinear oscillation about its equi-
librium radius (stable cavitation) or could experience a vio-
lent collapse followed by an unstable expansion of the bubble
radius (Inertial cavitation). It 1s unlikely that stable cavitation
causes mechanical disruption of the clot. The violent collapse
of an 1nertial bubble, however, releases a significant amount
of energy 1n the form of an acoustic shock wave that could
potentiate clot fragmentation. Both stable and 1nertial cavita-
tion with their respective mechanisms could significantly
accelerate clot dissolution Therefore, ultrasound catheter sys-
tems configured for use with a combined microbubble and
therapeutic compound have been developed.

In one embodiment of the present imnvention, a method of
treating a vascular occlusion located at a treatment site within
a patient’s vasculature by positioning an ultrasound catheter
at the treatment site. The method further comprises delivering
a combination compound consisting of microbubbles and
therapeutic agents (1.e., microbubble-therapeutic compound)
from an ultrasound catheter to the vascular occlusion and
delivering ultrasonic energy from the ultrasound assembly to
the vascular occlusion concurrently. The microbubble-thera-
peutic compound having an original microbubble concentra-
tion 1s diluted to less than or equal to approximately 1% by
volume at the deliverance to the catheter, or alternatively, the
microbubble-therapeutic compound has an effective
microbubble concentration of less than or equal to approxi-
mately 0.01% of the original microbubble concentration at
deliverance into the vascular occlusion when the ultrasound
transducer 1s emitting.

In one embodiment of the present invention, a method of
treating a vascular occlusion located at a treatment site within
a patient’s vasculature comprises passing an ultrasound cath-
cter through the patient’s vasculature to the treatment site.
The ultrasound catheter includes at least one distal fluid deliv-
ery port and at least one ultrasound radiating member. The
method further comprises delivering a microbubble-thera-
peutic compound having an initial microbubble concentra-
tion delivered from the proximal fluid delivery port at 1in to the
vascular occlusion after passing the not acoustically 1solated
tip, and delivering ultrasonic energy from the ultrasound
assembly to the vascular occlusion concurrent to delivering
the microbubble-therapeutic compound. The microbubble-
therapeutic compound has an effective microbubble concen-
tration at the point of delivery to the vascular occlusion of
about 1% of the initial microbubble concentration,

In some embodiments, the method further comprises posi-
tioning the ultrasound catheter at the treatment site such that
the at least one fluid delivery port 1s positioned within the
occlusion. In some embodiments, the method may further
comprise continuous infusion of a combined microbubble-
therapeutic compound from the ultrasound catheter into an
internal portion of the occlusion. The method further com-
prises repositioning the ultrasound catheter at the treatment
site. In one embodiment of the present invention, an ultra-
sound catheter system comprises an elongate tubular body
having an ultrasound radiating member and a fluid delivery
lumen positioned therein. The system further comprises a
fluid reservoir that 1s hydraulically coupled to a proximal
portion of the fluid delivery lumen. The fluid delivery reser-
volr contains a combined microbubble-therapeutic com-
pound. The system further comprises an mnfusion pump con-
figured to pump the microbubble-therapeutic compound from
the fluid reservoir into the fluid delivery lumen.

BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary embodiments of the vascular occlusion treat-
ment system are illustrated 1n the accompanying drawings,
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which are for illustrative purposes only. The drawings com-
prise the following figures, 1n which like numerals indicate
like parts.

FIG. 1 1s a schematic illustration of an ultrasonic catheter
configured for insertion 1nto large vessels of the human body.

FIG. 2 1s a cross-sectional view of the ultrasonic catheter of
FIG. 1 taken along line 2-2.

FIG. 3 1s a schematic 1llustration of an elongate inner core
configured to be positioned within the central lumen of the
catheter illustrated in FIG. 2.

FI1G. 4 15 a cross-sectional view of the elongate inner core
of FIG. 3 taken along line 4-4.

FIG. 5 1s a schematic wiring diagram illustrating an exem-
plary technique for electrically connecting five groups of
ultrasound radiating members to form an ultrasound assem-
bly.

FIG. 6 1s a schematic wiring diagram illustrating an exem-
plary technique for electrically connecting one of the groups
of FIG. 5.

FI1G. 7 A 1s aschematic illustration of the ultrasound assem-
bly of FIG. 5 housed within the 1nner core of FIG. 4.

FIG. 7B 1s a cross-sectional view of the ultrasound assem-
bly of FIG. 7A taken along line 7B-7B.

FI1G. 7C 1s a cross-sectional view of the ultrasound assem-
bly of FIG. 7A taken along line 7C-7C.

FIG. 7D 1s a side view of an ultrasound assembly center
wire twisted into a helical configuration.

FIG. 8 1llustrates the energy delivery section of the inner
core ol FI1G. 4 positioned within the energy delivery section of
the tubular body of FIG. 2.

FI1G. 9 1llustrates a wiring diagram for connecting a plural-
ity ol temperature sensors with a common wire.

FI1G. 10 1s a block diagram of a feedback control system for
use with an ultrasonic catheter.

FIG. 11A 1s a side view of a treatment site.

FIG. 11B 1s a side view of the distal end of an ultrasonic
catheter positioned at the treatment site of FIG. 11A.

FIG. 11C 1s a cross-sectional view of the distal end of the
ultrasonic catheter of FIG. 11B positioned at the treatment
site before a treatment.

FIG. 11D 1s a cross-sectional view of the distal end of the
ultrasonic catheter of FIG. 11C, wherein an inner core has

been inserted 1nto the tubular body to perform a treatment.

FIG. 12A 1s a cross-sectional view of a distal end of an
ultrasonic catheter configured for use within small vessels of
a patient’s vasculature.

FIG. 12B 1s a cross-sectional view of the ultrasonic cath-
cter of FIG. 12A taken through line 12B-12B.

FIG. 13 1s a cross-sectional view of an ultrasound radiating,
member separated from a delivery lumen by a chamber.

FIG. 14 1s a cross-sectional view of an exemplary tech-
nique for applying ultrasonic energy to an infused
microbubble-therapeutic compound.

DETAILED DESCRIPTION OF PR
EMBODIMENTS

(L]
Y

ERRED

As set forth above, methods and apparatuses have been
developed that allow a vascular occlusion to be treated using
both ultrasonic energy and a combined microbubbles-thera-
peutic compound. Disclosed herein are several exemplary
embodiments of ultrasonic catheters that can be used to
enhance the efficacy of therapeutic compounds at a treatment
site within a patient’s body. Also disclosed are exemplary
methods for using such catheters.
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Introduction

As used herein, the term “therapeutic compound™ refers
broadly, without limitation, and in addition to its ordinary
meaning, to a drug, medicament, dissolution compound,
genetic material or any other substance capable of effecting
physiological functions. Additionally, a mixture includes
substances such as these are also encompassed within this
definition of “therapeutic compound”. Examples of therapeus-
tic compounds 1include thrombolytic compounds, anti-throm-
bosis compounds, sonosensetizer compounds, gene, protein
and/or stem cell compounds and other compounds used 1n the
treatment of vasculature, including compounds intended to
prevent or reduce clot formation. In applications where
human blood vessels that have become partially or com-
pletely occluded by plaque, thrombi, emboli or other sub-
stances that reduce the blood carrying capacity of a vessel,
exemplary therapeutic compounds include, but are not lim-
ited to, heparin, urokinase, streptokinase, tPA, rtPA, Retevase
and Tenecteplase.

As used herein, the terms “ultrasonic energy”, “ultra-
sound” and “ultrasonic” refer broadly, without limitation, and
in addition to their ordinary meaning, to mechanical energy
transierred through longitudinal pressure or compression
waves. Ultrasonic energy can be emitted as continuous or
pulsed waves, depending on the parameters of a particular
application. Additionally, ultrasonic energy can be emitted 1n
wavelorms having various shapes, such as sinusoidal waves,
triangle waves, square waves, or other wave forms. Ultrasonic
energy includes sound waves. In certain embodiments, the
ultrasonic energy referred to herein has a frequency between
about 20 kHz and about 20 MHz. For example, 1n one
embodiment, the ultrasonic energy has a frequency between
about 500 kHz and about 20 MHz. In another embodiment,
the ultrasonic energy has a frequency between about 1 MHz
and about 3 MHz. In yet another embodiment, the ultrasonic
energy has a frequency of about 2 MHz. In certain embodi-
ments described herein, the time average acoustic power of
the ultrasonic energy 1s between about 0.01 watts and 3 watts
per ultrasound transducer. In one embodiment, the time aver-
age acoustic power 1s between 0.1 to 1 watts per ultrasound
transducer. In one embodiment, the time average acoustic
power 1s about 0.45 watts per ultrasound transducer.

As used herein, the term “ultrasound radiating member™
refers broadly, without limitation, and in addition to 1ts ordi-
nary meaning, to any apparatus capable of producing ultra-
sonic energy. An ultrasonic transducer, which converts elec-
trical energy into ultrasonic energy, 1s an example of an
ultrasound radiating member. An exemplary ultrasonic trans-
ducer capable of generating ultrasonic energy from electrical
energy 1s a piezoelectric ceramic oscillator. Piezoelectric
ceramics typically comprise a crystalline matenal, such as
quartz, that changes shape when an electrical current is
applied to the material. This change in shape, made oscilla-
tory by an oscillating driving signal, creates ultrasonic sound
waves. In other embodiments, ultrasonic energy can be gen-
erated by an ultrasonic transducer that 1s remote from the
ultrasound radiating member, and the ultrasonic energy can
be transmitted, via, for example, a wire that 1s coupled to the
ultrasound radiating member.

In certain applications, the ultrasonic energy itself provides
a therapeutic effect to the patient. Examples of such thera-
peutic effects include preventing or reducing stenosis and/or
restenosis; tissue ablation, abrasion or disruption; promoting
temporary or permanent physiological changes in intracellu-
lar or intercellular structures; and rupturing micro-balloons or
micro-bubbles for therapeutic compound delivery. Further
information about such methods can be found i U.S. Pat.

Nos. 5,261,291 and 5,431,663.
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The ultrasonic catheters described herein can be config-
ured for application of ultrasonic energy over a substantial
length of a body lumen, such as, for example, the larger
vessels located 1n the leg. In other embodiments, the ultra-
sonic catheters described herein can be configured to be
inserted into the small cerebral vessels, 1n solid tissues, 1n
duct systems and 1n body cavities. Additional embodiments
that can be combined with certain features and aspects of the
embodiments described herein are described in U.S. patent
application Ser. No. 10/291,891, filed 7 Nov. 2002, the entire
disclosure of which 1s hereby incorporated herein by refer-
ence.

Overview of a Large Vessel Ultrasonic Catheter

FIG. 1 schematically illustrates an ultrasonic catheter 10
configured for use 1n the large vessels of a patient’s anatomy.
For example, the ultrasonic catheter 10 illustrated in FIG. 1
can be used to treat long segment peripheral arterial occlu-
s10ms, such as those 1n the vascular system of the leg.

Asillustrated in FI1G. 1, the ultrasonic catheter 10 generally
includes a multi-component, elongate tlexible tubular body
12 having a proximal region 14 and a distal region 15. The
tubular body 12 includes a tlexible energy delivery section 18
located 1n the distal region 15. The tubular body 12 and other
components of the catheter 10 can be manufactured 1n accor-
dance with a variety of techniques known to an ordinarily
skilled artisan. Suitable materials and dimensions can be
readily selected based on the natural and anatomical dimen-
sions of the treatment site and on the desired percutaneous
access site.

For example, 1n an exemplary embodiment, the tubular
body proximal region 14 comprises a material that has suifi-
cient flexibility, kink resistance, ngidity and structural sup-
port to push the energy delivery section 18 through the
patient’s vasculature to a treatment site. Examples of such
materials include, but are not limited to, extruded polytet-
rafluoroethylene (“PTFE”), polyethylenes (“PE”), polya-
mides and other similar materials. In certain embodiments,
the tubular body proximal region 14 1s reinforced by braiding,
mesh or other constructions to provide increased kink resis-
tance and ability to be pushed. For example, nickel titantum
or stainless steel wires can be placed along or incorporated
into the tubular body 12 to reduce kinking.

For example, in an embodiment configured for treating
thrombus 1n the arteries of the leg, the tubular body 12 has an
outside diameter between about 0.060 inches and about 0.075
inches. In another embodiment, the tubular body 12 has an
outside diameter of about 0.071 inches. In certain embodi-
ments, the tubular body 12 has an axial length of approxi-
mately 105 centimeters, although other lengths can be used in
other applications.

In an exemplary embodiment, the tubular body energy
delivery section 18 comprises a material that 1s thinner than
the material comprising the tubular body proximal region 14.
In another exemplary embodiment, the tubular body energy
delivery section 18 comprises a material that has a greater
acoustic transparency than the material comprising the tubu-
lar body proximal region 14. Thinner matenals generally
have greater acoustic transparency than thicker matenals.
Suitable materials for the energy delivery section 18 include,
but are not limited to, high or low density polyethylenes,
urethanes, nylons, and the like. In certain modified embodi-
ments, the energy delivery section 18 comprises the same
material or a material of the same thickness as the proximal
region 18.

In an exemplary embodiment, the tubular body 12 1s
divided into at least three sections of varying stifiness. The
first section, which includes the proximal region 14, has a

10

15

20

25

30

35

40

45

50

55

60

65

6

relatively higher stifiness. The second section, which 1s
located 1n an intermediate region between the proximal
region 14 and the distal region 15, has a relatively lower
stiffness. This configuration further facilitates movement and
placement of the catheter 10. The third section, which
includes the energy delivery section 18, has a relatively lower
stiffness than the second section in spite of the presence of
ultrasound radiating members which can be positioned
therein.

FIG. 2 1llustrates a cross section of the tubular body 12
taken along line 2-2 1n FIG. 1. In the embodiment 1llustrated
in FIG. 2, three fluid delivery lumens 30 are incorporated into
the tubular body 12. In other embodiments, more or fewer
flmd delivery lumens can be incorporated into the tubular
body 12. In such embodiments, the arrangement of the fluid
delivery lumens 30 provides a hollow central lumen 51 pass-
ing through the tubular body 12. The cross-section of the
tubular body 12, as illustrated i FIG. 2, 1s substantially
constant along the length of the catheter 10. Thus, 1n such
embodiments, substantially the same cross-section 1s present
in both the proximal region 14 and the distal region 15 of the
tubular body 12, including the energy delivery section 18.

In certain embodiments, the central lumen 51 has a mini-
mum diameter greater than about 0.030 inches. In another
embodiment, the central lumen 51 has a minimum diameter
greater than about 0.037 inches. In an exemplary embodi-
ment, the fluid delivery lumens 30 have dimensions of about
0.026 inches wide by about 0.0075 inches high, although
other dimensions can be used in other embodiments.

In an exemplary embodiment, the central lumen 51 extends
through the length of the tubular body 12. As illustrated in
FIG. 1, the central lumen 51 has a distal exit port 29 and a
proximal access port 31. The proximal access port 31 forms
part of the backend hub 33, which i1s attached to the tubular
body proximal region 14. In such embodiments, the backend
hub also includes a cooling fluid fitting 46, which 1s hydrau-
lically connected to the central lumen 51. In such embodi-
ments, the backend hub 33 also includes a therapeutic com-
pound inlet port 32, which 1s hydraulically coupled to the
fluid delivery lumens 30, and which can also be hydraulically
coupled to a source of therapeutic compound via a hub such as
a Luer fitting.

The central lumen 51 1s configured to recerve an elongate
inner core 34, an exemplary embodiment of which 1s 1llus-
trated 1n FIG. 3. In such embodiments, the elongate inner core
34 includes a proximal region 36 and a distal region 38. A
proximal hub 37 1s fitted on one end of the 1nner core proximal
region 36. One or more ultrasound radiating members 40 are
positioned within an inner core energy delivery section 41
that 1s located within the distal region 38. The ultrasound
radiating members 40 form an ultrasound assembly 42, which
will be described 1n greater detail below.

As shown 1n the cross-section illustrated in FI1G. 4, which 1s
taken along lines 4-4 in FIG. 3, 1n an exemplary embodiment,
the inner core 34 has a cylindrical shape, with an outer diam-
cter that permits the inner core 34 to be inserted into the
central lumen 51 of the tubular body 12 via the proximal
access port 31. Suitable outer diameters of the inner core 34
include, but are not limited to, between about 0.010 inches
and about 0.100 inches. In another embodiment, the outer
diameter of the inner core 34 1s between about 0.020 inches
and about 0.080 inches. In yet another embodiment, the inner
core 34 has an outer diameter of about 0.035 1nches.

Still referring to FIG. 4, the inner core 34 includes a cylin-
drical outer body 35 that houses the ultrasound assembly 42.
The ultrasound assembly 42 includes wiring and ultrasound
radiating members, described 1n greater detail in FIGS. 5
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through 7D, such that the ultrasound assembly 42 1s capable
of radiating ultrasonic energy from the energy delivery sec-
tion 41 of the inner core 34. The ultrasound assembly 42 1s
clectrically connected to the backend hub 33, where the inner
core 34 can be connected to a control system 100 via cable 45
(1llustrated in FIG. 1). In an exemplary embodiment, an elec-
trically insulating potting material 43 {ills the inner core 34,
surrounding the ultrasound assembly 42, thus reducing or
preventing movement of the ultrasound assembly 42 with
respect to the outer body 35. In one embodiment, the thick-
ness of the outer body 35 1s between about 0.0002 1inches and
0.010 inches. In another embodiment, the thickness of the
outer body 35 1s between about 0.0002 inches and 0.005
inches. In yet another embodiment, the thickness of the outer
body 35 1s about 0.0005 1nches.

In an exemplary embodiment, the ultrasound assembly 42
includes a plurality of ultrasound radiating members 40 that
are divided into one or more groups. For example, FIGS. 5
and 6 are schematic wiring diagrams 1llustrating one tech-
nique for connecting five groups of ultrasound radiating
members 40 to form the ultrasound assembly 42. As illus-
trated 1n FIG. 5, the ultrasound assembly 42 comprises five
groups G1, G2, G3, G4, G5 of ultrasound radiating members
40 that are electrically connected to each other. The five
groups are also electrically connected to the control system
100.

Still referring to FIG. S, 1n an exemplary embodiment, the
control circuitry 100 includes a voltage source 102 having a
positive terminal 104 and a negative terminal 106. The nega-
tive terminal 106 1s connected to common wire 108, which
connects the five groups G1-GS of ultrasound radiating mem-
bers 40 1n series. The positive terminal 104 1s connected to a
plurality of lead wires 110, which each connect to one of the
five groups G1-G5 of ultrasound radiating members 40. Thus,
under this configuration, each of the five groups G1-GS, one
of which 1s 1llustrated in FIG. 6, 1s connected to the positive
terminal 104 via one of the lead wires 110, and to the negative
terminal 106 via the common wire 108.

Referring now to FIG. 6, each group G1-G5 includes a
plurality of ultrasound radiating members 40. Each of the
ultrasound radiating members 40 1s electrically connected to
the common wire 108 and to the lead wire 110 via a positive
contact wires 112. Thus, when wired as 1llustrated, a substan-
tially constant voltage difference will be applied to each ultra-
sound radiating member 40 1n the group. Although the group
illustrated 1n FIG. 6 includes twelve ultrasound radiating
members 40, 1n other embodiments, more or fewer ultrasound
radiating members 40 can be included 1n the group. Likewise,
more or fewer than five groups can be included within the
ultrasound assembly 42 illustrated 1n FIG. 3.

FIG. 7A 1llustrates an exemplary techmque for arranging,
the components of the ultrasound assembly 42 (as schemati-
cally 1llustrated 1n FI1G. 5) 1into the inner core 34 (as schemati-
cally illustrated 1n FIG. 4). FIG. 7A 1s a cross-sectional view
of the ultrasound assembly 42 taken within group G1 1n FIG.
5, as mdicated by the presence of four lead wires 110. For
example, if a cross-sectional view of the ultrasound assembly
42 was taken within group G4 1n FIG. 5, only one lead wire
110 would be present (that 1s, the one lead wire connecting
group G3).

In the exemplary embodiment illustrated in FIG. 7A, the
common wire 108 includes an elongate, flat piece of electri-
cally conductive material 1n electrical contact with a pair of
ultrasound radiating members 40. Each of the ultrasound
radiating members 40 1s also 1n electrical contact with a
positive contact wire 112. Because the common wire 108 1s
connected to the negative terminal 106, and the positive con-
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tact wire 112 1s connected to the positive terminal 104, a
voltage difference can be created across each ultrasound radi-
ating member 40. In such embodiments, lead wires 110 are
separated from the other components of the ultrasound
assembly 42, thus preventing interference with the operation
of the ultrasound radiating members 40 as described above.
For example, 1n an exemplary embodiment, the inner core 34
1s {1lled with an insulating potting material 43, thus deterring
unwanted electrical contact between the various components
of the ultrasound assembly 42.

FIGS. 7B and 7C illustrate cross sectional views of the
inner core 34 of FIG. 7A taken along lines 7B-7B and 7C-7C,
respectively. As illustrated i FIG. 7B, the ultrasound radiat-
ing members 40 are mounted 1n pairs along the common wire
108. The ultrasound radiating members 40 are connected by
positive contact wires 112, such that substantially the same
voltage 1s applied to each ultrasound radiating member 40. As
illustrated 1in FIG. 7C, the common wire 108 includes wide
regions 108 W upon which the ultrasound radiating members
40 can be mounted, thus reducing the likelihood that the
paired ultrasound radiating members 40 will short together. In
certain embodiments, outside the wide regions 108W, the
common wire 108 can have a more conventional, rounded
wire shape.

In a modified embodiment, such as illustrated 1n FIG. 7D,
the common wire 108 1s twisted to form a helical shape before
being fixed within the 1nner core 34. In such embodiments,
the ultrasound radiating members 40 are oriented 1n a plural-
ity of radial directions, thus enhancing the radial uniformaity
of the resulting ultrasonic energy field.

The wiring arrangement described above can be modified
to allow each group G1, G2, G3, G4, G35 to be independently
powered. Specifically, by providing a separate power source
within the control system 100 for each group, each group can
be 1individually turned on or off, or can be driven at an indi-
vidualized power level. This advantageously allows the deliv-
ery of ultrasonic energy to be “turned off” 1n regions of the
treatment site where treatment 1s complete, thus preventing,
deleterious or unnecessary ultrasonic energy to be applied to
the patient.

The embodiments described above, and illustrated in
FIGS. 5 through 7, include a plurality of ultrasound radiating
members grouped spatially. That 1s, 1n such embodiments, the
ultrasound radiating members within a certain group are posi-
tioned adjacent to each other, such that when a single group 1s
activated, ultrasonic energy 1s delivered from a certain length
of the ultrasound assembly. However, 1n modified embodi-
ments, the ultrasound radiating members of a certain group
may be spaced apart from each other, such that the ultrasound
radiating members within a certain group are not positioned
adjacent to each other. In such embodiments, when a single
group 1s activated, ultrasonic energy can be delivered from a
larger, spaced apart portion of the ultrasound assembly. Such
modified embodiments can be advantageous 1n applications
where a less focussed, more diffuse ultrasonic energy field 1s
to be delivered to the treatment site.

In an exemplary embodiment, the ultrasound radiating
members 40 comprise rectangular lead zirconate titanate
(“PZT1”) ultrasound transducers that have dimensions of
about 0.017 inches by about 0.010 inches by about 0.080
inches. In other embodiments, other configurations and
dimensions can be used. For example, disc-shaped ultrasound
radiating members 40 can be used in other embodiments. In
an exemplary embodiment, the common wire 108 comprises
copper, and 1s about 0.005 1nches thick, although other elec-
trically conductive materials and other dimensions can be
used 1n other embodiments. In an exemplary embodiment,
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lead wires 110 are 36 gauge electrical conductors, and posi-
tive contact wires 112 are 42 gauge electrical conductors.
However, other wire gauges can be used 1n other embodi-
ments.

As described above, suitable frequencies for the ultrasound
radiating members 40 include, but are not limited to, from
about 20 kHz to about 20 MHz. In one embodiment, the
frequency 1s between about 500 kHz and about 20 MHz, and
in another embodiment the frequency i1s between about 1
MHz and about 3 MHz. In yet another embodiment, the
ultrasound radiating members 40 are operated with a fre-
quency of about 2 MHz.

FIG. 8 illustrates the inner core 34 positioned within the
tubular body 12. Details of the ultrasound assembly 42, pro-
vided in FIG. 7A, are omitted for clarity. As described above,
the inner core 34 can be slid within the central lumen 51 of the
tubular body 12, thereby allowing the inner core energy deliv-
ery section 41 to be positioned within the tubular body energy
delivery section 18. For example, 1n an exemplary embodi-
ment, the materials comprising the inner core energy delivery
section 41, the tubular body energy delivery section 18, and
the potting material 43 all comprise materials having a similar
acoustic impedance, thereby minimizing ultrasonic energy
losses across material interfaces.

FI1G. 8 further 1llustrates placement of fluid delivery ports
58 within the tubular body energy delivery section 18. As
illustrated, holes or slits are formed from the fluid delivery
lumen 30 through the tubular body 12, thereby permitting
fluid flow from the fluid delivery lumen 30 to the treatment
site. A plurality of flmd delivery ports 58 can be positioned
axially along the tubular body 12. Thus, a source of therapeu-
tic compound coupled to the inlet port 32 provides a hydraulic
pressure which drives the therapeutic compound through the
fluid delivery lumens 30 and out the fluid delivery ports 58.

By spacing the fluid delivery lumens 30 around the circum-
terence of the tubular body 12 substantially evenly, as 1llus-
trated 1n FIG. 8, a substantially uniform flow of therapeutic
compound around the circumference of the tubular body 12
can be achieved. Additionally, the size, location and geometry
of the fluid delivery ports 58 can be selected to provide uni-
form fluid flow from the fluid delivery ports 30 to the treat-
ment site. For example, 1n one embodiment, fluid delivery
ports closer to the proximal region of the energy delivery
section 18 have smaller diameters than fluid delivery ports
closer to the distal region of the energy delivery section 18,
thereby allowing uniform delivery of therapeutic compound
in the energy delivery section.

For example, 1n one embodiment 1n which the fluid deliv-
ery ports 38 have similar sizes along the length of the tubular
body 12, the fluid delivery ports 58 have a diameter between
about 0.0005 inches to about 0.0050 inches. In another
embodiment in which the size of the fluid delivery ports 58
changes along the length of the tubular body 12, the fluid
delivery ports 58 have a diameter between about 0.001 inches
to about 0.005 inches 1n the proximal region of the energy
delivery section 18, and between about 0.005 1nches to about
0.0020 inches 1n the distal region of the energy delivery
section 18. The increase 1n size between adjacent tluid deliv-
ery ports 58 depends on a variety of factors, including the
material comprising the tubular body 12, and on the size of the
fluid delivery lumen 30. The fluid delivery ports 58 can be
created 1n the tubular body 12 by punching, drilling, burning
or ablating (such as with a laser), or by other suitable meth-
ods. Therapeutic compound flow along the length of the tubu-
lar body 12 can also be increased by increasing the density of
the flmd delivery ports 58 toward the distal region of the
energy delivery section.
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In certain applications, a spatially nonuniform flow of
therapeutic compound from the fluid delivery ports 58 to the
treatment site 1s to be provided. In such applications, the size,
location and geometry of the fluid delivery ports 58 can be
selected to provide such nonuniform fluid flow.

Referring still to FIG. 8, placement of the inner core 34
within the tubular body 12 further defines cooling fluid
lumens 44. Cooling tfluid lumens 44 are formed between an
outer surface 39 of the inner core 34 and an 1nner surface 16
of the tubular body 12. In certain embodiments, a cooling
fluid 1s introduced through the proximal access port 31 such
that cooling fluid flows through cooling fluid lumens 44 and
out of the catheter 10 through distal exit port 29 (see FIG. 1).
In an exemplary embodiment, the cooling fluid lumens 44 are
substantially evenly spaced around the circumierence of the
tubular body 12 (that 1s, at approximately 120° increments for
a three-lumen configuration), thereby providing substantially
uniform cooling fluid flow over the mner core 34. Such a
configuration advantageously removes thermal energy from
the treatment site. As will be explained below, the tlow rate of
the cooling fluid and the power to the ultrasound assembly 42
can be adjusted to maintain the temperature of the inner core
energy delivery section 41, or of the treatment site generally,
within a desired range.

In an exemplary embodiment, the mner core 34 can be
rotated or moved within the tubular body 12. Specifically,
movement of the inner core 34 can be accomplished by
maneuvering the proximal hub 37 while holding the backend
hub 33 stationary. The mner core outer body 35 1s at least
partially constructed from a material that provides enough
structural support to permit movement of the inner core 34
within the tubular body 12 without kinking of the tubular
body 12. Additionally, 1n an exemplary embodiment, the
inner core outer body 35 comprises a material having the
ability to transmit torque. Suitable materials for the inner core
outer body 33 include, but are not limited to, polyimides,
polyesters, polyurethanes, thermoplastic elastomers and
braided polyimides.

In an exemplary embodiment, the fluid delivery lumens 30
and the cooling fluid lumens 44 are open at the distal end of
the tubular body 12, thereby allowing the therapeutic com-
pound and the cooling fluid to pass into the patient’s vascu-
lature at the distal exit port 29. In a modified embodiment, the
fluid delivery lumens 30 can be selectively occluded at the
distal end of the tubular body 12, thereby providing additional
hydraulic pressure to drive the therapeutic compound out of
the fluid delivery ports 58. In either configuration, the inner
core 34 can be prevented from passing through the distal exat
port 29 by providing the inner core 34 with a length that 1s less
than the length of the tubular body 12. In other embodiments,
a protrusion 1s formed within the tubular body 12 1n the distal
region 15, thereby preventing the inner core 34 from passing
through the distal exit port 29.

In other embodiments, the catheter 10 includes an occlu-
sion device positioned at the distal exit port 29. In such
embodiments, the occlusion device has a reduced 1nner diam-
eter that can accommodate a guidewire, but that 1s less than
the inner diameter of the central lumen 51. Thus, the 1nner
core 34 1s prevented from extending past the occlusion device
and out the distal exit port 29. For example, suitable mnner
diameters for the occlusion device include, but are not limited
to, between about 0.005 inches and about 0.050 inches. In
other embodiments, the occlusion device has a closed end,
thus preventing cooling fluid from leaving the catheter 10,
and 1nstead recirculating to the tubular body proximal region
14. These and other cooling fluid flow configurations permit
the power provided to the ultrasound assembly 42 to be
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increased in proportion to the cooling fluid flow rate. Addi-
tionally, certain cooling fluid flow configurations can reduce
exposure of the patient’s body to cooling tluids.

In an exemplary embodiment, such as 1llustrated 1n FI1G. 8,
the tubular body 12 includes one or more temperature sensors
20 that are positioned within the energy delivery section 18.
In such embodiments, the tubular body proximal region 14
includes a temperature sensor lead which can be incorporated
into cable 45 (1llustrated 1n FIG. 1). Suitable temperature
sensors mclude, but are not limited to, temperature sensing
diodes, thermistors, thermocouples, resistance temperature
detectors (“R1TDs”) and fiber optic temperature sensors which
use thermalchromic liquid crystals. Suitable temperature sen-
sor 20 geometries include, but are not limited to, a point, a
patch or a stripe. The temperature sensors 20 can be posi-
tioned within one or more of the fluid delivery lumens 30,
and/or within one or more of the cooling fluid lumens 44.

FIG. 9 1llustrates an exemplary embodiment for electri-
cally connecting the temperature sensors 20. In such embodi-
ments, each temperature sensor 20 1s coupled to a common
wire 61 and 1s associated with an individual return wire 62.
Accordingly, n+1 wires are passed through the tubular body
12 to independently sense the temperature at n temperature
sensors 20. The temperature at a selected temperature sensor
20 can be determined by closing a switch 64 to complete a
circuit between the return wire 62 associated with the selected
thermocouple and the common wire 61. In embodiments
wherein the temperature sensors 20 are thermocouples, the
temperature can be calculated from the voltage 1n the circuit
using, for example, a sensing circuit 63, which can be located
within the external control circuitry 100.

In other embodiments, the temperature sensors 20 can be
independently wired. In such embodiments, 2n wires are
passed through the tubular body 12 to independently sense the
temperature at n temperature sensors 20. In still other
embodiments, the flexibility of the tubular body 12 can be
improved by using fiber optic based temperature sensors 20.
In such embodiments, flexibility can be improved because
only n fiber optic members are used to sense the temperature
at n independent temperature sensors 20.

FIG. 10 schematically illustrates one embodiment of a
teedback control system 68 that can be used with the catheter
10. The feedback control system 68 can be integrated 1nto the
control system 100 that 1s connected to the mner core 34 via
cable 45 (as illustrated 1n FIG. 1). The feedback control
system 68 allows the temperature at each temperature sensor
20 to be momnitored and allows the output power of the energy
source 70 to be adjusted accordingly. A physician can, 1f
desired, override the closed or open loop system.

In an exemplary embodiment, the feedback control system
68 includes an energy source 70, power circuits 72 and a
power calculation device 74 that 1s coupled to the ultrasound
radiating members 40. A temperature measurement device 76
1s coupled to the temperature sensors 20 1n the tubular body
12. A processing unit 78 1s coupled to the power calculation
device 74, the power circuits 72 and a user interface and
display 80.

In an exemplary method of operation, the temperature at
cach temperature sensor 20 1s determined by the temperature
measurement device 76. The processing unit 78 receives each
determined temperature from the temperature measurement
device 76. The determined temperature can then be displayed
to the user at the user interface and display 80.

In an exemplary embodiment, the processing unit 78
includes logic for generating a temperature control signal.
The temperature control signal 1s proportional to the differ-
ence between the measured temperature and a desired tem-
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perature. The desired temperature can be determined by the
user (as set at the user mtertace and display 80) or can be
preset within the processing unit 78.

In such embodiments, the temperature control signal 1s
received by the power circuits 72. The power circuits 72 are
configured to adjust the power level, voltage, phase and/or
current of the electrical energy supplied to the ultrasound
radiating members 40 from the energy source 70. For
example, when the temperature control signal 1s above a
particular level, the power supplied to a particular group of
ultrasound radiating members 40 1s reduced 1n response to
that temperature control signal. Similarly, when the tempera-
ture control signal 1s below a particular level, the power
supplied to a particular group of ultrasound radiating mem-
bers 40 1s 1increased 1n response to that temperature control
signal. After each power adjustment, the processing unit 78
monitors the temperature sensors 20 and produces another
temperature control signal which 1s received by the power
circuits 72.

In an exemplary embodiment, the processing unit 78
optionally 1ncludes satety control logic. The safety control
logic detects when the temperature at a temperature sensor 20
exceeds a safety threshold. In this case, the processing unit 78
can be configured to provide a temperature control signal
which causes the power circuits 72 to stop the delivery of
energy from the energy source 70 to that particular group of
ultrasound radiating members 40.

Because, 1n certain embodiments, the ultrasound radiating,
members 40 are mobile relative to the temperature sensors 20,
it can be unclear which group of ultrasound radiating mem-
bers 40 should have a power, voltage, phase and/or current
level adjustment. Consequently, each group of ultrasound
radiating members 40 can be 1dentically adjusted in certain
embodiments. For example, in a modified embodiment, the
power, voltage, phase, and/or current supplied to each group
of ultrasound radiating members 40 1s adjusted 1n response to
the temperature sensor 20 which indicates the highest tem-
perature. Making voltage, phase and/or current adjustments
in response to the temperature sensed by the temperature
sensor 20 indicating the highest temperature can reduce over-
heating of the treatment site.

The processing unit 78 can also be configured to receive a
power signal from the power calculation device 74. The
power signal can be used to determine the power being
received by each group of ultrasound radiating members 40.
The determined power can then be displayed to the user on the
user mterface and display 80.

As described above, the feedback control system 68 can be
configured to maintain tissue adjacent to the energy delivery
section 18 below a desired temperature. For example, 1n cer-
tain applications, tissue at the treatment site 1s to have a
temperature increase of less than or equal to approximately 6°
C. As described above, the ultrasound radiating members 40
can be electrically connected such that each group of ultra-
sound radiating members 40 generates an independent out-
put. In certain embodiments, the output from the power cir-
cuit maintains a selected energy for each group of ultrasound
radiating members 40 for a selected length of time.

The processing umit 78 can comprise a digital or analog
controller, such as a computer with software. In embodiments
wherein the processing unit 78 1s a computer, the computer
can include a central processing unit (“CPU”) coupled
through a system bus. In such embodiments, the user interface
and display 80 can include a mouse, a keyboard, a disk drive,
a display monitor, a nonvolatile memory system, and/or other
computer components. In an exemplary embodiment, pro-
gram memory and/or data memory 1s also coupled to the bus.
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In another embodiment, 1n lieu of the series of power
adjustments described above, a profile of the power to be
delivered to each group of ultrasound radiating members 40
can be icorporated into the processing unit 78, such that a
preset amount of ultrasonic energy to be delivered 1s pre-
profiled. In such embodiments, the power delivered to each
group ol ultrasound radiating members 40 1s provided
according to the preset profiles.

In an exemplary embodiment, the ultrasound radiating
members are operated 1n a pulsed mode. For example, 1n one
embodiment, the time average acoustic power supplied to
cach ultrasound radiating member 1s between about 0.1 watts
and about 2 watts. In another embodiment, the time average
acoustic power ol each ultrasound radiating member 1is
between about 0.3 watts and about 1.5 watts. In yet another
embodiment, the time average acoustic power generated by
cach ultrasound radiating members 1s approximately 0.45
watts or approximately 1.2 watts. In an exemplary embodi-
ment, the duty cycle 1s between about 1% and about 50%. In
another embodiment, the duty cycle 1s between about 3% and
about 25%. In yet another embodiment, the duty cycles is
approximately 7.5% or approximately 15%. In an exemplary
embodiment, the pulse averaged acoustic power 1s between
about 0.1 watts and about 20 watts. In another embodiment,
the pulse averaged acoustic power per ultrasound radiating,
member 1s between approximately 2 watts and approximately
10 watts. In yet another embodiment, the pulse averaged
acoustic power per ultrasound radiating member 15 approxi-
mately 2 watts or approximately 5 watts. The amplitude dur-
ing each pulse can be constant or modjulated.

In an exemplary embodiment, the pulse repetition ire-
quency 1s between about 5 Hz and about 150 Hz. In another
embodiment, the pulse repetition rate 1s between about 10 Hz
and about 50 Hz. In yet another embodiment, the pulse rep-
ctition frequency 1s approximately 30 Hz. In an exemplary
embodiment, the pulse duration 1s between about 0.5 milli-
second and about 50 milliseconds. In another embodiment,
the pulse duration 1s between about 1 millisecond and about
25 milliseconds. In yet another embodiment, the pulse dura-
tion 1s approximately 2.5 milliseconds or approximately 5
milliseconds.

For example, 1n one particular embodiment, each ultra-
sound radiating member 1s operated at a time average acoustic
power of approximately 0.35 watts, a duty cycle of approxi-
mately 15%, a pulse repetition rate of approximately 30 Hz, a
pulse duration of approximately 5 milliseconds and with a
peak rarefactional pressure that can be constant or modju-
lated.

In an exemplary embodiment, the ultrasound radiating
member used with the electrical parameters described herein
has an acoustic efficiency greater than approximately 50%. In
another embodiment, the ultrasound radiating member used
with the electrical parameters described herein has an acous-
tic elficiency greater than approximately 75%. As described
herein, the ultrasound radiating members can be formed 1n a
variety of shapes, such as, cylindrical (solid or hollow), flat,
bar, trnangular, and the like. In an exemplary embodiment, the
length of the ultrasound radiating member 1s between about
0.1 cm and about 0.5 cm, and the thickness or diameter of the
ultrasound radiating member 1s between about 0.02 ¢cm and
about 0.2 cm.

FIGS. 11 A through 11D 1llustrate an exemplary method for
using certain embodiments of the ultrasonic catheter 10
describe herein. As illustrated 1n FIG. 11A, a guidewire 84
similar to a guidewire used 1n typical angioplasty procedures
1s directed through a patient’s vessels 86 to a treatment site 88
that includes a clot 90. The guidewire 84 1s optionally directed
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through the clot 90. Suitable vessels 86 include, but are not
limited to, the large periphery blood vessels of the body.
Additionally, as mentioned above, the ultrasonic catheter 10
also has utility 1n various imaging applications or 1n applica-
tions for treating and/or diagnosing other diseases in other
body parts.

As 1llustrated 1n FIG. 11B, the tubular body 12 1s slid over
and 1s advanced along the guidewire 84, for example using
conventional over-the-guidewire techniques. The tubular
body 12 1s advanced until the energy delivery section 18 1s
positioned at the clot 90. In certain embodiments, radiopaque
markers (not shown) are optionally positioned along the tubu-
lar body energy delivery section 18 to aid in the positioning of
the tubular body 12 within the treatment site 88.

As 1illustrated in FIG. 10C, after the tubular body 12 1s
delivered to the treatment site 88, the guidewire 84 1s with-
drawn from the tubular body 12 by pulling the guidewire 84
from the proximal region 14 of the catheter 10 while holding
the tubular body 12 stationary. This leaves the tubular body 12
positioned at the treatment site 88.

As 1llustrated in FIG. 10D, the inner core 34 1s then inserted
into the tubular body 12 until the ultrasound assembly 42 1s
positioned at least partially within the energy delivery section
18. In one embodiment, the ultrasound assembly 42 can be
configured to be positioned at least partially within the energy
delivery section 18 when the inner core 24 abuts the occlusion
device at the distal end of the tubular body 12. Once the inner
core 34 1s positioned 1n such that the ultrasound assembly 42
1s at least partially within the energy delivery section, the
ultrasound assembly 42 1s activated to deliver ultrasonic
energy to the clot 90. As described above, 1n one embodiment,
ultrasonic energy having a frequency between about 20 kHz
and about 20 MHz 1s delivered to the treatment site.

In an exemplary embodiment, the ultrasound assembly 42
includes sixty ultrasound radiating members 40 spaced over a
length of approximately 30 to approximately 50 cm. In such
embodiments, the catheter 10 can be used to treat an elongate
clot 90 without requiring moving or repositioning the catheter
10 during the treatment. However, 1n modified embodiments,
the 1nner core 34 can be moved or rotated within the tubular
body 12 during the treatment. Such movement can be accom-
plished by maneuvering the proximal hub 37 of the inner core
34 while holding the backend hub 33 stationary.

Still referring to FI1G. 11D, arrows 48 1ndicate that a cool-
ing fluid can be delivered through the cooling fluid lumen 44
and out the distal exit port 29. Likewise, arrows 49 indicate
that a therapeutic compound can be delivered through the
fluid delivery lumen 30 and out the fluid delivery ports 38 to
the treatment site 88.

The cooling fluid can be delivered before, after, during or
intermittently with the delivery of ultrasonic energy. Simi-
larly, the therapeutic compound can be delivered before, after,
during or intermittently with the delivery of ultrasonic energy.
Consequently, the methods 1llustrated 1n FIGS. 11 A through
11D can be performed 1n a variety of different orders than that
described above. In an exemplary embodiment, the therapeus-
tic compound and ultrasonic energy are delivered until the
clot 90 1s partially or entirely dissolved. Once the clot 90 has
been sulliciently dissolved, the tubular body 12 and the inner
core 34 are withdrawn from the treatment site 88.

Overview of a Small Vessel Ultrasonic Catheter.

Ultrasonic catheters can also be specifically configured to
use 1n the small vessels of a patient’s vasculature, such as in
the vasculature of a patient’s brain. In such a configuration,
the catheter 1s provided with an energy delivery section hav-
ing increased flexibility, thereby facilitating delivery of the
catheter through narrow vessels having small radius turns.
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FIGS. 12A and 12B are cross-sectional views of the distal
region of an exemplary ultrasonic catheter configured for use
in the small vasculature.

Similar to the large vessel ultrasonic catheter described
herein, an exemplary ultrasonic catheter configured for use in
small vessels comprises a multi-component tubular body 202
having a proximal region and a distal region 206. In such
embodiments, the catheter tubular body 202 includes an outer
sheath 208 that 1s positioned upon an 1nner core 210. In one
embodiment, the outer sheath 208 comprises extruded
Pebax®, PTFE, polyetheretherketone (“PEEK”), PE, polya-
mides, braided polyamides and/or other similar materals.
The outer sheath distal region 206 1s adapted for advancement
through vessels having a small diameter, such as those 1n the
vasculature of the brain. In an exemplary embodiment, the
outer sheath distal region 206 has an outer diameter between
about 2 French and about 5 French. In another embodiment,
outer sheath distal region 206 has an outer diameter of about
2.8 to 3.2 French. In one exemplary embodiment, the outer
sheath 208 has an axial length of approximately 150 centi-
meters.

In a modified embodiment, the outer sheath 208 comprises
a braided tubing formed of, for example, high or low density
polyethylenes, urethanes, nylons, and the like. This configu-
ration enhances the flexibility of the tubular body 202. For
enhanced maneuverability, especially the ability to be pushed
and rotated, the outer sheath 208 can be formed with a vari-
able stiflness from the proximal to the distal end. To achieve
this, a stiffening member may be included along the proximal
end of the tubular body 202.

The mner core 210 defines, at least in part, a delivery lumen
212, which, 1n an exemplary embodiment, extends longitudi-
nally along the catheter. The delivery lumen 212 has a distal
exit port 214, and 1s hydraulically connected to a proximal
access port (not shown). Similar to the large vessel ultrasonic
catheter described herein, the proximal access port can be
connected to a source of therapeutic compound or cooling
fluad that 1s to be delivered through the delivery lumen 212.

In an exemplary embodiment, the delivery lumen 212 1s
configured to recerve a guide wire (not shown). In such
embodiments, the guidewire has a diameter of between
approximately 0.008 and approximately 0.012 inches. In
another embodiment, the guidewire has a diameter of about
0.010 inches. In an exemplary embodiment, the mnner core
210 comprises polyamide or a similar material which can

optionally be braided to increase the flexibility of the tubular
body 202.

Still referring to FIGS. 12A and 12B, the tubular body
distal region 206 includes an ultrasound radiating member
224. In such embodiments, the ultrasound radiating member
224 comprises an ultrasound transducer, which converts, for
example, electrical energy 1nto ultrasonic energy. In a modi-
fied embodiment, the ultrasonic energy can be generated by
an ultrasound transducer that 1s remote from the ultrasound
radiating member 224 and the ultrasonic energy can be trans-
mitted via, for example, a wire to the ultrasound radiating
member 224,

In the illustrated embodiment, the ultrasound radiating
member 224 1s configured as a hollow cylinder. As such, the
inner core 210 extends through the lumen of the ultrasound
radiating member 224. The ultrasound radiating member 224
1s secured to the inner core 210 1n a suitable manner, such as
using an adhesive. A potting material can also be used to
turther secure the ultrasound radiating member 224 to the
inner core 210.

In other embodiments, the ultrasound radiating member
224 can have a different shape. For example, the ultrasound
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radiating member 224 can take the form of a solid rod, a disk,
a solid rectangle or a thin block. In still other embodiments,
the ultrasound radiating member 224 can comprise a plurality
of smaller ultrasound radiating members. The 1llustrated con-
figuration advantageously provides enhanced cooling of the
ultrasound radiating member 224. For example, in one
embodiment, a therapeutic compound can be delivered
through the delivery lumen 212. As the therapeutic compound
passes through the lumen of the ultrasound radiating member
224, the therapeutic compound can advantageously remove
excess heat generated by the ultrasound radiating member
224 In another embodiment, a fluid return path can be formed
in the region 238 between the outer sheath 208 and the inner
core 21 such that coolant from a coolant system can be
directed through the region 238.

In an exemplary embodiment, the ultrasound radiating
member 224 produces ultrasonic energy having a frequency
ol between about 20 kHz and about 20 MHz. In one embodi-
ment, the frequency of the ultrasonic energy 1s between about
500 kHz and about 20 MHz, and 1n another embodiment the
frequency of the ultrasonic energy 1s between about 1 MHz
and about 3 MHz. In yet another embodiment, the ultrasonic
energy has a frequency of about 1.7 MHz.

In the illustrated embodiment, ultrasonic energy i1s gener-
ated from electrical mput power supplied to the ultrasound
radiating member 224 through a wires 226, 228 that extend
through the catheter body 202. The wires 226, 228 can be
secured to the mner core 210, lay along the mner core 210
and/or extend freely 1n the region 238 between the 1nner core
210 and the outer sheath 208. In the illustrated configuration,
the first wire 226 1s connected to the hollow center of the
ultrasound radiating member 224, while the second wire 228
1s connected to the outer periphery of the ultrasound radiating
member 224. In such embodiments, the ultrasound radiating
member 224 comprises a transducer formed of a piezoelectric
ceramic oscillator or a similar material.

Still referring to the exemplary embodiment 1llustrated in
FIGS. 12 A and 12B, the catheter further includes a sleeve 230
that 1s generally positioned about the ultrasound radiating
member 224. The sleeve 230 1s comprises a material that
readily transmits ultrasonic energy. Suitable materials for the
sleeve 230 include, but are not limited to, polyolefins, poly-
imides, polyester and other materials having a relatively low
absorbance of ultrasonic energy. The proximal end of the
sleeve 230 can be attached to the outer sheath 208 with an
adhesive 232. To improve the bonding of the adhesive 232 to
the outer sheath 208, a shoulder 227 or notch can be formed 1n
the outer sheath 208 for attachment of the adhesive 232
thereto. In an exemplary embodiment, the outer sheath 208
and the sleeve 230 have substantially the same outer diameter.

In a similar manner, the distal end of the sleeve 230 can be
attached to a tip 234. As illustrated, the tip 234 1s also attached
to the distal end of the inner core 210. In an exemplary
embodiment, the tip 234 1s between about 0.5 mm and about
4.0 mm long. In another embodiment, the tip 1s about 2.0 mm
long. In the 1llustrated exemplary embodiment, the tip 234 1s
rounded 1n shape to reduce trauma or damage to tissue along
the mner wall of a blood vessel or other body structure during
advancement of the catheter to a treatment site.

Referring now to the exemplary embodiment 1llustrated 1n
FIG. 12B, the catheter includes at least one temperature sen-
sor 236 1n the tubular body distal region 206. The temperature
sensor 236 can be positioned on or near the ultrasound radi-
ating member 224. Suitable temperature sensors include but
are not limited to, diodes, thermistors, thermocouples, RTDs
and fiber optic temperature sensors that used thermalchromic
liquid crystals. In an exemplary embodiment, the temperature
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sensor 236 1s operatively connected to a control system via a
control wire that extends through the tubular body 202. As
described above for the large vessel ultrasonic catheter, the
control box includes a feedback control system having the
ability to monitor and control the power, voltage, current and
phase supplied to the ultrasound radiating member 224. Thus,
the temperature along the relevant region of the catheter can
be monitored and controlled for optimal performance. Details
of the control box can also be found 1n U.S. patent application
Ser. No. 10/309,388, filed 3 Dec. 2002, the entire disclosure
of which 1s hereby incorporated herein by reference.

The small vessel ultrasound catheters disclosed herein can
be used to remove an occlusion from a small blood vessel. In
an exemplary method of use, a guidewire 1s percutaneously
inserted into the patient’s vasculature at a suitable 1nsertion
site. The guidewire 1s advanced through the vasculature
toward a treatment site where the vessel 1s wholly or partially
occluded. The guidewire 1s then directed at least partially
through the thrombus.

After advancing the guidewire to the treatment site, the
catheter 1s then inserted into the vasculature through the imnser-
tion site, and advanced along the guidewire towards the treat-
ment site using, for example, over-the-guidewire techniques.
The catheter 1s advanced until the tubular body distal region
206 1s positioned near or 1n the occlusion. The tubular body
distal region 206 optionally includes one or more radiopaque
markers to aid in positioning the catheter at the treatment site.

After placing the catheter at the treatment site, the
guidewire can then be withdrawn from the delivery lumen
212. A source of therapeutic compound, such as a syringe
with a Luer fitting, can then be attached to the proximal access
port. This allows the therapeutic compound to be delivered
through the delivery lumen 212 and the distal exit port 214 to
the occlusion.

The ultrasound radiating member 224 can then be activated
to generate ultrasonic energy. As described above, mn an
exemplary embodiment, the ultrasonic energy has a fre-
quency between about 20 kHz and about 20 MHz. In one
embodiment, the frequency of the ultrasonic energy 1is
between about 500 kHz and about 20 MHz, and 1n another
embodiment the frequency of the ultrasonic energy 1is
between about 1 MHz and about 3 MHz. In yet another
embodiment, the ultrasonic energy has a frequency of about
1.7 MHz. The therapeutic compound and ultrasound energy
can be applied until the occlusion 1s partially or entirely
dissolved. Once the occlusion has been suiliciently dissolved,
the catheter can be withdrawn from the treatment site.

Further information on exemplary methods of use, as well
as on modified small vessel catheter constructions, are avail-
able 1n U.S. patent application Ser. No. 10/309,417, filed 3
Dec. 2002, the entire disclosure of which 1s hereby incorpo-
rated herein by reference.

Treatment of Vascular Occlusions Using Ultrasonic Energy
and Microbubble-Therapeutic Compound.

In certain embodiments, the therapeutic compound deliv-
ered to the treatment site includes a plurality of microbubbles
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having, for example, a gas formed therein. A combined
microbubbles and therapeutic compound 1s referred to herein
as a “microbubble-therapeutic compound”. In some embodi-
ments, the microbubbles are formed by entrapping micro
spheres of gas into the therapeutic compound. In some
embodiments, this 1s accomplished by agitating the therapeus-
tic compound while blowing a gas into the therapeutic com-
pound. In other embodiments, this 1s accomplished by expos-
ing the therapeutic compound to ultrasonic energy with a

sonicator under a gaseous atmosphere while vibrating the
therapeutic compound. Other techniques can be used 1n other
embodiments. Exemplary gases that are usable to form the
microbubbles include, but are not limited to, air, oxygen,
carbon dioxide, and inert gases. In some embodiments, the
microbubble-therapeutic compound can 1include approxi-
mately 4x10” microbubbles per milliliter of liquid. In some
embodiments, the microbubble-therapeutic compound can
include approximately 6.5x10° microbubbles per milliliter of
liquid. In some embodiments, the microbubble-therapeutic
compound can include between approximately 4x10° and
approximately 4x10° microbubbles per milliliter of liquid. In
some embodiments, the microbubble-therapeutic compound
can include approximately 2x10® to approximately 8x10°
microbubbles per milliliter of liquid, approximately 2x10° to
approximately 5x10° microbubbles per milliliter of liquid, or
approximately 5x10° to approximately 8x10® microbubbles
per milliliter of liquid. In some embodiments the
microbubbles i1n the microbubble-therapeutic compound
have a diameter of between approximately 0.1 um and
approximately 30 pum. In some embodiments, the
microbubbles have a diameter of about 0.1 to about 10 um,
about 0.2 to about 10 um, about 0.5 to about 10 um, about 0.5
to about 5 um, or about 0.5 um. In some embodiments, the
microbubbles have a diameter of less than or equal to approxi-
mately 10 um, approximately 5 um, or approximately 2.5 um.
Other parameters can be used 1n other embodiments.

In some embodiments, the efficacy of the therapeutic com-
pound 1s enhanced by the presence of the microbubbles con-
tained therein. In some embodiments, the microbubbles can
act as a nucleus for cavitation, and thus allow cavitation to be
induced at lower levels of peak rarefaction acoustic pressure.
Therefore, a reduced amount of peak rarefaction acoustic
pressure can be delivered to the treatment site without reduc-
ing the eflicacy of the treatment. Reducing the amount of
ultrasonic pressure delivered to the treatment site reduces
risks associated with overheating the treatment site, and, in
certain embodiments, also reduces the time required to treat a
vascular occlusion. In some embodiments, cavitation also
promotes more effective diffusion and penetration of the
therapeutic compound into surrounding tissues, such as the
vessel wall and/or the clot material. Furthermore, 1n some
embodiments, the mechanical agitation caused motion of the
microbubbles 1s eflective 1n mechanically breaking up clot
material.

Table 1 summarizes the results of percent clot lysis when
the clot was treated with rt-PA at different concentrations
without ultrasound, with ultrasound and with both ultrasound
and microbubbles.

TABLE 1

Clot treated Clot treated
Rt-PA  Clot treated Clot treated Clot treated with Rt-PA + with Rt-PA +
COIC. with Rt-PA with Rt-PA at  with Rt-PA at  microbubbles at  microbubbles at
(mg/ml) (%0) 1.3 MPa (%) 2.1 MPa (%) 1.3 MPa (%) 2.1 MPa (%)
0.009 3.1 +2.6 12.1 2.0 16.0 = 2.6 239+22 277 +x14
0.05 9.7 +2.1 248 +3.2 33.1 £3.0 405 +4.9 48.3 + 6.3
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TABLE 1-continued

Percent clot lvsis (AVG = SD) {for each treatment group.
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Clot treated
Rt-PA  Clot treated Clot treated Clot treated with Rt-PA +
Conc. with Rt-PA  with Rt-PA at  with Rt-PA at  microbubbles at
(mg/ml) (%) 1.3 MPa (%) 2.1 MPa (%) 1.3 MPa (%)
0.3 16429 304 +24 41.8 2.9 449 + 2.6
0.5 17.7 3.4 31525 54.0 4.2 46.7 + 2.9

In some embodiments, the lysis rate of the clot can be
increased by increasing the concentration of the dissolution
compound (1.e. therapeutic compound) 1n the microbubble-
therapeutic compound. In some embodiments, increasing the
dissolution compound concentration of rt-PA from approxi-
mately 0.009 to approximately 0.05 mg/mL can increase the
lysis rate of the clot approximately 3 times. For example, as
shown in Table 1 above, the percent clot lysis can be increased
from approximately 3.1x2.6% to approximately 9.7+2.1%.
In some embodiments, increasing the concentration of the
dissolution compound can yield a positive trend toward
increased lysis rate. For example, the percent clot lysis
achieved with approximately 0.3 mg/mlL and approximately
0.5 mg/mL of dissolution compound concentration can be
approximately 16.4+2.9% and approximately 17.7+£3.4%,
respectively.

The employment of ultrasonic energy to dissolution com-
pounds 1n conjunction with microbubbles can significantly
enhance clot lysis compared to only using the dissolution
compounds, as shown in Table 1 above. As Application of
ultrasonic pressure at approximately 1.3 MPa with
microbubble-therapeutic compound augmented dissolution
compound mediated thrombolysis by approximately 3.9, 2.6,
1.9 and 1.8 times at rt-PA concentrations of approximately
0.009,0.05, 0.3, and 0.5 mg/mL, respectively. With respect to
the same rt-PA concentrations, using ultrasonic energy at
approximately 2.1 MPa enhanced thrombolysis by approxi-
mately 5.1, 3.4, 2.6, and 3.1 times.

In an exemplary embodiment, a therapeutic compound
combined with microbubbles (i.e., microbubble-therapeutic
compound) 1s delivered using the various embodiments of the
ultrasonic catheters disclosed herein. However, 1in certain
embodiments, modifications to the catheter design, and/or to
the method of use, are implemented to improve the efficacy of
a microbubble-based vascular occlusion treatment. In par-
ticular, these modifications are intended to reduce the
destruction of microbubbles within the ultrasonic catheter.
For example, the microbubbles occasionally burst when
exposed to ultrasonic energy, regardless of whether that expo-
sure occurs 1nside or outside the fluid delivery lumens of the
ultrasonic catheter. Therefore, these modifications are
intended to reduce the exposure of the microbubble-therapeu-
tic compound to ultrasonic energy before the microbubble-
therapeutic compound 1s expelled from the catheter and 1s
delivered to the treatment site.

In one embodiment, a microbubble-therapeutic compound
1s infused intra-arterially or intravenously to the treatment site
betore the ultrasound radiating members are activated. There-
tore, once the ultrasound radiating members begin to generate
ultrasonic energy, the microbubble-therapeutic compound 1s
already at the treatment site. In such embodiments, the
microbubble-therapeutic compound 1s delivered using the
same catheter that 1s used to deliver the ultrasonic energy. In
a modified embodiment, the microbubble-therapeutic com-
pound 1s delivered using a different catheter than that used to
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deliver the wultrasonic energy, and delivery of the
microbubble-therapeutic compound to the treatment site 1s
optionally via the general vascular circulation.

In an embodiment that 1s particularly advantageous for use
with an ultrasonic catheter having a cylindrical ultrasound
radiating member, such as 1llustrated in FIGS. 12A and 12B,
an insulating chamber 1s used to reduce the amount of ultra-
sonic energy that 1s delivered 1nto the catheter flmd delivery
lumen. Specifically, an insulating chamber 1s positioned
between the ultrasound radiating member and the delivery
lumen. In such embodiments, the insulating chamber 1s filled
with a material that does not efficiently transmit ultrasonic
energy, thereby reducing the amount of ultrasonic energy
reaching the fluid delivery lumen. Exemplary materials that
can be put 1nto the msulating chamber 1nclude, but are not
limited to, air, nitrogen and oxygen. In a modified embodi-
ment, an evacuated chamber 1s used.

FIG. 13 1llustrates an exemplary embodiment of an ultra-
sound catheter having an ultrasound radiating member 320
separated from a delivery lumen 338 by an insulating cham-
ber 330. The ultrasound radiating member 320 1s oifset from
the delivery lumen 338 using spacers 316 and support mem-
bers 318. Other configurations can be used 1n other embodi-
ments. Additional information on using chambers to spatially
direct ultrasonic energy can be found 1n U.S. Pat. Nos. 6,382,
392 and 6,676,626, the entire disclosure of which 1s incorpo-
rated herein by reference.

In one embodiment, the microbubble-therapeutic com-
pound 1s mjected directly into a vascular obstruction—such
as a clot—at the treatment site. A schematic illustration of this
embodiment 1s provided in FIG. 14. Specifically, FIG. 14
illustrates a catheter 400 positioned within an occlusion 410
at a treatment site within a patient’s vasculature 420. A
microbubble-therapeutic compound 430 has been infused
into the occlusion 410 from the catheter 400. Once the
microbubble-therapeutic compound has been sufliciently
infused, one or more ultrasound radiating members 440
mounted within the catheter 400 can be energized, thereby
delivering ultrasonic energy to the infused microbubble-
therapeutic compound 430. The catheter 400 1s optionally
repositioned to direct additional ultrasonic energy into the
infused microbubble-therapeutic compound 430. This tech-
nique allows microbubbles to be suspended within the
obstruction. In such embodiments, ultrasonic energy 1is
applied to the obstruction, thereby causing mechanical agita-
tion of the microbubbles. The mechanical agitation of the
microbubbles 1s effective 1n mechanically breaking up clot
material.

Microbubble Concentrations

In some embodiments, a percentage of the microbubbles 1n
the infusion liquid can be reduced when ultrasonic energy 1s
introduced. Experimental results show that the percent reten-
tion of  Albumin-shelled  Octafluoropropane-filled
microbubbles delivered at approximately 6, 12, and 18 ml/h
flow rates 1n absence of ultrasonic energy were approximately
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5.9, 5.4, and 8.9%, and 1n presence of ultrasonic energy at a
peak rarefaction acoustic pressure of approximately 1.3 MPa,
were approximately 1.5, 0.8, and 0.12%, respectively. Simi-
larly, the percent retention of lipid-shelled Sulfurhexaftluo-
ride-filled microbubbles delivered at approximately 6, 12,
and 18 ml/h flow rates 1n absence of ultrasonic energy were
approximately 3.5, 6.4, and 14%, and 1n presence of ultra-
sonic energy at a peak rarefaction acoustic pressure of
approximately 1.3 MPa, were approximately 0.7, 1, and
0.5%, respectively.

In some embodiments, upon delivery of microbubbles
through the catheter, there can be a significant shift towards
smaller diameter microbubbles. Some causes of this phenom-
enon can 1clude possible pressure-dependent compression,
disruption, and/or shrinkage of the microbubbles due to
acceleration of the rate of gas diffusion from the
microbubbles 1n response to pressure-induced shifts 1 the
ambient medium. In some embodiments, when the
microbubble-therapeutic compound pass through the catheter
lumen while exposed to inward ultrasound field of the cylin-
drical transducer, additional mechanisms such as cavitation
and rectified diffusion can further affect microbubble physi-
cal properties.

In some embodiments, the microbubble-therapeutic com-
pound concentrations can be diluted prior to delivery to the
ultrasound catheter for optimal efficacy. Experimental results
show that the clot lysis can reach an optimal peak when the
microbubble-therapeutic compound concentrations are
approximately 1:100 v/v dilution. For example, in the
absence of dissolution compounds, Albumin-shelled
Octafluoropropane-filled microbubble concentrations diluted
to approximately 1:10, 1:100, and 1:200 by volume exposed
to ultrasonic energy at approximately 2.1 MPa for 10 minutes
resulted 1n a percent clot lysis 01 12.6x£2.4%, 13.9+1.6%, and
7.2+2.5%, respectively. In the presence of dissolution com-
pounds (e.g., rt-PA) of approximately 0.05 mg/mL, clots
exposed to ultrasonic energy at approximately 1.3 MPa dem-
onstrated a clot lysis of 22.5£2.4%, 43.2+2.4%, and
2'7.2+£2.1% for administered microbubble-therapeutic com-
pound concentrations diluted to approximately 1:10, 1:100,
and 1:200 by volume, respectively. With respect to the same
microbubble-therapeutic compound concentrations, the clots
exposed to ultrasonic energy at approximately 2.1 MPa
showed slightly higher clot lysis of 27.6+£2.6%, 45.7£3.0%
and 30.7x1.3%. The microbubble-therapeutic compound was
administered to the clot at flow rates o1 6, 12, and 18 mL/h.

As evidenced 1n the experimental results, the infusion of
microbubble-therapeutic compound into the acoustic field
propagating the clot can cause an acoustic impedance mis-
match 1n the ultrasound pathway. The interface of shell and
gas of each bubble can act as strong scatterer of the incident
sound field and can extend the length over which ultrasound
penetrate the tissue. This can be one of the responsible mecha-
nisms for enhanced clot lysis, however, 11 bubble concentra-
tion contained within a volume of clot 1s too high they can
elfectively trap the incident acoustic energy within that region
and can prevent further interaction of the acoustic energy with
the clot during thrombolysis. Thus, the microbubble-thera-
peutic compound having an “original microbubble concen-
tration” may be diluted prior to delivery to the ultrasound
catheter for infusion. The diluted microbubble-therapeutic
compound has an “initial microbubble concentration” when 1t
1s delivered to the ultrasound catheter.

In some embodiments, the lower lysis rate for a
microbubble-therapeutic compound dilution {factor of
approximately 1:10 by volume can be explained as a partial
acoustic shielding due to relatively high bubble concentra-
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tions. Conversely, the reduced clot lysis at microbubble-
therapeutic compound concentrations of approximately
1:200 by volume 1s shown to be lower than the required
concentration to reach maximum bioetfect. The experimental
data suggests that at approximately 1:10 dilution,
microbubble-therapeutic compounds can cause a shielding
elfect preventing ultrasound to effectively reach beyond the
bubble cloud, and at approximately 1:200 dilution the
microbubble-therapeutic compound concentration 1s lower
than optimal.

Thus, 1n some embodiments, the microbubble-therapeutic
compound 1s first diluted to between about 10% and about
0.5% by volume, between about 5% and about 0.5% by vol-
ume, between about 2% and about 0.5% by volume, or
between about 1% and about 0.5% by volume of the original
microbubble concentration when delivered to the catheter. In
some embodiments, the microbubble-therapeutic compound
1s diluted to less than or equal to approximately 1% by volume
when delivered to the catheter. The microbubble concentra-
tion 1n the diluted microbubble-therapeutic compound at the
deliverance of the microbubble-therapeutic compound to the
catheter 1s designated the “initial microbubble concentra-
tion.”

In the presence of rt-PA concentrations of approximately
0.05 and 0.5 mg/mL, lipid-shelled Sulturhexatluoride-filled
microbubble-therapeutic compounds diluted to 1:100 were
administered to a clot. Clots exposed to ultrasonic energy at
an acoustic pressure of approximately 1.3 MPa and 2.1 MPa
demonstrated a clot lysis of 36.1x2.6% and 53.1x£2.6%,
respectively, at a rt-PA concentration of 0.05 mg/mlL, and
37.5£2.6% and 62.6x5.7%, respectively, at a rt-PA concen-
tration of 0.5 mg/mlL. The microbubble-therapeutic com-
pound was administered to the clot at flow rates of 6, 12, and
18 mL/h.

In some embodiments, intra-arterial treatment can involve
application of microbubble-therapeutic compounds and
ultrasound to the interior of the clot concurrently. Intra-arte-
rial treatment can be applied up to 8 hours after symptoms
onset, and the required therapeutic compound for a 2-hour
treatment can include approximately <1% concentration of
microbubble-therapeutic compounds. The intra-clot delivery
of a low concentration of microbubble-therapeutic com-
pounds can significantly reduce occurrence of cardiopulmo-
nary reaction of patients to these agents and make this appli-
cation very cost effective.

In a study, a maximum clot lysis rate using the dissolution
compound rt-PA was achieved by using a concentration 01 0.5
mg/mlL. Application of ultrasonic energy of 1.7 MHz 1re-
quency with a calculated acoustic peak rarefaction pressures
of about 1.3 MPa and about 2.1 MPa increased the rt-PA
induced lysis rate at 0.5 mg/LL by 1.8 and 3.1 times, respec-
tively.

In some embodiments, high-frequency (e.g., >1 MHz),
low-pressure ultrasonic energy (e.g., =5.2 MPa) can enhance
thrombolysis via absorption of ultrasound energy by clot
components, unrelated to thermal and cavitational effects. In
the absence of cavitation, 1t can be the absorption of ultra-
sound energy by blood clot components that has the greatest
potential for inducing bioeifects. In some embodiments, the
noncavitational ultrasound phenomena reported to enhance
rt-PA thrombolysis, increase porosity of the clot and enhance
fluid streaming within the clot, can be attributed to ultrasound
absorption.

In some embodiments, due to geometrical spreading, the
acoustic pressure generated by an acoustic transducer drops
exponentially with the distance from the transducer surface.
Some studies have shown that the effectiveness of ultrasonic
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energy enhanced thrombolysis can be dependent on acoustic
pressure generated by transducer. Theretfore, ultrasound etfi-
ciency in enhancing enzymatic thrombolysis can decrease
with distance from the transducer. Thus, there can be a limited
volume of the clot treated with effective ultrasound pressures
tor thrombolysis. In some embodiments, the magnitude of the
acoustic pressure on the acoustic source surface 1s propor-
tionate to the clot volume that can be treated with ultrasonic
device.

In relatively low acoustic rarefaction pressure amplitudes,
a bubble can experience prolonged linear or nonlinear oscil-
lation about 1ts equilibrium radius 1n what 1s called a stable
cavitation. In some embodiments, the bubble can experience
a violent collapse followed by an unstable expansion of the
bubble radius 1n what 1s called inertial cavitation. In some
embodiments, 1t 1s unlikely that stable cavitation will cause
mechanical disruption of the clot. The violent collapse of an
inertial bubble, however, can release a significant amount of
energy 1n the form of an acoustic shock wave that could
potentiate clot fragmentation.

In some embodiments, the stable cavitation and inertial
cavitation phenomena can explain clot lysis efficacy at dii-
terent acoustic pressures of ultrasonic energy when applied in
combination with microbubble-therapeutic compounds and
in the absence of dissolution compounds. Experimental data
shows a lack of detectable clot weight reduction with ultra-
sonic energy at a peak rarefaction acoustic pressure of
approximately 1.3 MPa, which can indicate that stable cavi-
tation may be the dominant cavitation mechanism at this
acoustic pressure. However, the statistically significant clot
weilght reduction achieved with ultrasonic energy at a peak
rarefaction acoustic pressure of approximately 2.1 MPa may
suggest that the peak rarefaction pressure threshold for 1ner-
tial cavitation of microbubbles can be higher than 1.3 MPa
and lower or equal to 2.1 MPa. In other embodiments, the
ultrasound energy having a peak rarefaction acoustic pressure
less or equal to: approximate 5.0 MPa, approximately 3 MPa,
approximately 2.5 MPa, or approximately 2.1 MPa may also
be used.

In some embodiments, microbubbles that undergo stable
cavitation can have the potential to scatter and extend the
propagation path of ultrasound. The microbubbles can con-
vert the acoustic energy to mechanical energy by means of
bubble dynamics and can cause fluid microstreaming on their
boundary with the clot. The oscillating microbubbles can act
as small microscopic pumps that promote local mass transfer
and can facilitate deeper penetration of dissolution com-
pounds into the clot matrix. This can explain the further
increased clot lysis rate from approximately 1.8 to 2.6 times
when 1:100 diluted microbubble-therapeutic compounds
were added to an ultrasonic energy at a peak rarefaction
acoustic pressure of approximately 1.3 MPa, and from 3.1 to
3.7 times when 1:100 diluted microbubble-therapeutic com-
pounds were added to an ultrasonic energy at a peak rarefac-
tion acoustic pressure of approximately 2.1 MPa. For this
data, the clot was 1n the presence of dissolution compounds of
0.5 mg/mlL.

The presence of microbubbles 1n the immediate surround-
ing of a catheter tip mounted ultrasound transducer can 1ntro-
duce acoustic mismatch interfaces, which can change the load
characteristics of the transducer. In some situations, this can
result in an electrical impedance shift, decreased efficiency
and increased temperatures of the transducer. However, low
power 1impedance measurements of the catheter mounted
transducers 1n the presence of microbubble-therapeutic com-
pounds (diluted 1:100 v/v) shows that seeded plasma clots
can be similar to plaimn plasma clots. Considering that

10

15

20

25

30

35

40

45

50

55

60

65

24

microbubble-therapeutic compounds diluted 1:100 v/v rep-
resents the imitial microbubble concentration prior to the cath-
cter delivery, and upon delivery through the catheter 1nto the
clot, this microbubble concentration 1s likely reduced to less
than 1% of the 1nitial concentration 1n the presence of ultra-
sound transmission.

In other words, after the microbubble-therapeutic com-
pound passes through the distal tip of the catheter that 1s not
acoustically 1solated, the eflective microbubble concentra-
tion of the microbubble-therapeutic compound at the point of

delivery to the vascular occlusion 1s about 1% by volume of
the imitial microbubble concentration when the microbubble-

therapeutic compound 1s delivered to the catheter. Accord-
ingly, the effective or final microbubble concentration 1n the
microbubble-therapeutic compound when delivered to the
occlusion or the clot in the presence of the ultrasound trans-
mission 1s between about 0.1% and about 0.005% by volume,
between about 0.05% and about 0.005% by volume, between
about 0.02% and about 0.005% by volume, or between about
0.01% and about 0.005% by volume of the original
microbubble concentration prior to the dilution. In some
embodiments, the effective microbubble concentration 1n the
microbubble-therapeutic compound 1s less than or equal to
approximately 0.01% by volume of the original microbubble
concentration at deliverance into the occlusion or the clot.

Thus, 1t can be inferred that the final microbubble concen-
tration 1n the clot does not have an unloading effect on the
transducer. The fact that continuous momitored surface tem-
perature of the transducers showed no temperature increase
for the microbubble treatment groups as compared to other
groups can be seen as further evidence of the unloading effect
of low microbubble concentrations on catheter mounted
transducers.

In some embodiments, the effective concentration of
microbubbles delivered at the tip of the powered on catheter
into the clot 1s about 5,000 to about 10,000 microbubbles
(MB)/mL. In some embodiments, the effective concentration
of microbubbles 1s about 5,000 to about 8,500 MB/mL., about
5,000 to about 7,000 MB/mlL., about 6,500 to about 10,000
MB/mL, or about 8,000 to about 10,000 MB/mL. In some
embodiments, the disclosed ranges of the effective concen-
tration of microbubbles can enhance the sonothrombolysis.

The results disclosed above demonstrates the safety and
eificacy of using ultrasonic energy at a peak rarefaction
acoustic pressure ol approximately 1.3 MPa in enhancing
dissolution compound mediated clot lysis 1n an intra-arterial
approach has been demonstrated 1n clinical trials. In addition,
using microbubbles in neurovasculature of stroke patients to
accelerate thrombolysis using ultrasound was not associated
with any increased risk as compared to standard treatments.
Hence, itra-arterial therapy consisting of intra-clot delivery
of ultrasound, dissolution compounds, and microbubble-
therapeutic compounds (diluted 1:100) can be safely applied
and evaluated 1n 1schemic stroke patients.

In some embodiments, the use of ultrasonic energy at a
peak rarefaction acoustic pressure of approximately 2.1 MPa
can demonstrate better potency 1n increasing the dissolution
compound mediated clot lysis rate in the presence and/or
absence of microbubbles.

As disclosed herein, intra-arterial application of dissolu-
tion compounds and low dose of microbubbles in the pres-
ence of ultrasonic energy can be considered as a viable treat-
ment for treatment of vascular occlusions.

SCOPE OF THE INVENTION

While the foregoing detailed description discloses several
embodiments of the present mvention, 1t should be under-
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stood that this disclosure 1s illustrative only and 1s not limiting
of the present invention. It should be appreciated that the
specific configurations and operations disclosed can differ
from those described above, and that the methods described
herein can be used 1n contexts other than treatment of vascular
occlusions.

We claim:

1. A method of treating a vascular occlusion located at a
treatment site within a patient’s vasculature, the method com-
prising:

positioning an ultrasound assembly at the treatment site;

delivering a diluted microbubble-therapeutic compound

from the ultrasound assembly to the vascular occlusion,
wherein the diluted microbubble-therapeutic compound
has:

(1) an 1nitial microbubble concentration of less than or
equal to approximately 1% by volume of an original
microbubble concentration at the deliverance to the
ultrasound assembly; or

(2) an effective microbubble concentration of less than
or equal to approximately 0.01% of the original
microbubble concentration at deliverance imto the
vascular occlusion; and

delivering ultrasonic energy from the ultrasound assembly

to the vascular occlusion concurrently.

2. The method of claim 1, wherein the dilute microbubble-
therapeutic compound comprises biological or synthetic-
shelled microbubbles.

3. The method of claim 2, wherein the biological or syn-
thetic-shelled microbubbles are less than or equal to approxi-
mately 10 micrometers 1in diameter.

4. The method of claam 1, wherein the diluted
microbubble-therapeutic compound and/or ultrasonic energy
are delivered concurrently and continuously.

5. The method of claim 1, wherein the ultrasonic energy
has a peak rarefaction acoustic pressure less or equal to
approximately 5.0 MPa.

6. A method of treating a vascular occlusion located at a
treatment site within a patient’s vasculature, the method com-
prising;:
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passing an ultrasound assembly through the patient’s vas-
culature to the treatment site, wherein the ultrasound
assembly comprises at least one distal fluid delivery port
and at least one ultrasound radiating member;

delivering a microbubble-therapeutic compound at the
proximal end of fluid delivery port from the distal fluid
delivery port that 1s not acoustically 1solated to the vas-
cular occlusion of about 1% of original concentration
wherein the 1nitial microbubble concentration i1n
microbubble-therapeutic compound concentration 1s
diluted to less than or equal to approximately 1% by
volume, and the final concentration at the point of deliv-
ery to the vascular occlusion 1s further reduced to 0.01%
of the inmitial microbubble concentration after passing the
not acoustically 1solated distal tip; and

delivering ultrasonic energy from the ultrasound assembly
to the vascular occlusion concurrent to delivering the
microbubble-therapeutic compound.

7. The method of claim 6, further comprising diluting the

microbubble-therapeutic compound prior to delivering the

microbubble-therapeutic compound,  wherein  the

microbubble-therapeutic compound has an original

X
X

microbubble concentration prior to the diluting, and the 1nitial
microbubble concentration 1s approximately 1% of the origi-
nal microbubble concentration by volume.

8. The method of claim 6, wherein the microbubble-thera-
peutic compound comprises biological- or synthetic-shelled
microbubbles.

9. The method of claim 8, wherein the lipid-shelled
microbubbles are less than or equal to approximately 10
micrometers 1 diameter.

10. The method of claim 6, wherein the microbubble-thera-

peutic compound and/or ultrasonic energy are delivered con-
tinuously and concurrently.

11. The method of claim 6, wherein the ultrasonic energy
has a peak rarefaction acoustic pressure less or equal to
approximately 5.0 MPa.
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